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PROCEEDINGS OF THE ANTIPROTON TECHNOLOGY WORKSHOP*

HELD AT BROOKHAVEN NATIONAL LABORATORY 10 MAY 1989

EXECUTIVE SUMMARY

1. Background

New, more efficient technology for a variety of scientific, medical, and industrial uses

could result from antiproton experiments proposed by a workshop of government, industry

and academic researchers at Brookhaven National Laboratory, Wednesday 10 May 1989.

Antiprotons are particles of antimatter which release highly penetrating radiation when they

are stopped in normal matter. According to presentations at the Antiproton Technology

Workshop this radiation can be used, in very small quantities, to image objects and determine

their composition and density. In larger amounts, the radiation could be used to kill cancer

tumors or produce highly localized heating and shock waves. The Alternate Gradient

Synchrotron, or "AGS", located at Brookhaven is one of the few particle accelerators in the

world capable of making the number of antiprotons needed to perform the experiments.

The workshop was a follow-on to the Antiproton Science and Technology Workshops held at

the RAND Corporation in Santa Monica through October 1987 following the Air Force Project

Forecast II initiative in Antiproton Technology. The workshop was attended by about 50

researchers from a wide variety of disciplines, including medicine, particle physics, and the

aerospace industry.

2. Workshop Results

Aerospace uses include the detection of physical or chemical flaws in the manufacture of

composite materials, with implications for increased aviation safety and lighter, less

expensive rockets.

An existing market of about $100 billion a year in medical imaging and radiotherapy has

attracted the interest of private investors. Demonstrations of rapid, low radiation imaging of

hard tissues and killing cancer tumors might prove the viability of a new, privately funded

accelerator to provide antiprotons for medical and Industrial uses.
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Atomic chemists wan! vi make antihydrogen to see if it obeys the same physical rules as

ordinary hydrogen. Antihydrogen would be made by combining antiprotons with the

anti-electron, or positron, the first form of antimatter discovered back in 1935.

Physical scientists are interested in radiation effects and small but intense shock waves

that could be produced by pulsed antiproton beams. Protection of spacecraft from solar

storms and meteor impacts are among many uses of radiation and shock data.

Particle physicists are interested in broken symmetries in particle reactions which one

might expect to have identical outcomes, but don't. Such reactions heip tell us how the

universe was made and what its ultimate destiny might be.

Antiproton Workshop members came from organizations as diverse as the Lahey Clinic in

Boston, the Astronautics Laboratory at Edwards Air Force Base, General Dynamics Corporation

in Fort Worth, and the University of Illinois. The workshop agenda is provided as table 1.

Workshop attendance is provided as table 2.

The only source of antiprotons suitable for many of the experiments discussed is the

European accelerator in Switzerland, which has long waiting lines for experimenters. The

researchers generally agreed that an antiproton source in the United States, perhaps based on

the Brookhaven AGS accelerator, Fermilab's accelerator, or the booster ring planned for the

Superconducting Supercollider will make United States science and technology significantly

more competitive in areas discussed. Significant informational activities concerning

antiproton technology continue within DOE. Potential user interest expressed as serious

proposals is a significant determinant of DOE support.

*The workshop was Jointly sponsored by the Astronautics Laboratory and Brookhaven National

Laboratory (DOE).
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Table 1. Antiproton Technology Working Group Final Agenda

0830 Informal discussions

0900 Welcome and Administrative Remarks Dr S. Baron. BNL; Mal G. Nordley, AL

0915 IMAGING AND ANALYSIS - T. KALOGEROPOLOUS, SYRACUSE

0915 Stopping Power of MeV Proton and Antiproton Beams R. A. Lewis The Pennsylvania State U.

0930 Recent Simulation Results of ASTER Robert Muratore Syracuse University

0945 Pbar Testing of Hydrogen Effects in Sealed Harris Carter Gen Dynamics Ft Worth
Carbon-Carbon Composites

1000 Potential for Antiprotons in Radiation Oncology M. Leibenhaut, MD Lahey Clinic Medical Con.

1015 Prospects for a Commercial Antiproton Source Brian Von Herzen Antimatter Technology Corp

1030 Break

1045 ANTIHYDROGEN AND CONDENSED MATTER PHYSICS -CHRIS BRASIER, U. DAYTON (AL)

1045 Prospects for Exciting Extreme States in E. D. Minor The Pennsylvania State U.
Nuclear Matter with Intense Antiproton Beams

1100 Status of AL Studies Relating to Condensed Antimatter Gerald Nordley Astronautics Lab (AFSC)

1115 Electromagnetic Traps for Atomic Antihydrogen Isaac Silvera Harvard University

1130 Antihydrogen Production Arthur Rich University of Michigan

1200 LUNCH: BNL CAFETERIA
1215 Luncheon Speech: HO DoE Antiproton Activities David Goodwin Dept of Energy
1303 OPTION: AGS TOUR OR INFORMAL DISCUSSIONS

1400 ENERGY DEPOSITION AND RELEASE - GERALD SMITH, PENN STATE

1400 Antiproton Catalyzed Fusion T. Kalogeropolous Syracuse University

1415 Antiproton Induced Fusion Reaction W. S. Toothacker The Pennsylvania State U.

1430 Options for a Laboratory Microfusion Facility (LMF) Bruno Augenstein The RAND Corporation

1445 Modeling Antiproton - Plasma Interactions John Callas Jet Propulsion Laboratory

1500 Concepts for Experimental Determination of Radiation
Shielding and Metal Clad Pellet Performance Brice Cassenti UTRC - Hartford

1515 Break

1530 PARTICLE PHYSICS - D. C. PEASLEE UNIVERSITY OF MARYLAND

1530 Introduction to CP Violation Studies with Pbars D. C. Peasle,-. University of Maryland

1545 Test of CP Non-conservation in Pbar-P to --bar- A. M. Nathan University of Illinois

1600 Studies of CP Violation with Pure Ko Kobar James Miller Boston University
Beams from Pbars

1615 Search for OP Violation in Pbar-P to J'P Gerald A. Smith The Pennsylvania State U.

1630 Studies of Rare Modes of Pbar-P Annihilation C. B. Dover Brookhaven N.L.

1645 Antiproton Production Calculation by the
Mutistring Model VENUS Computer Code H. Takahashi Brookhaven N. L

1700 Closing Remarks G. Nordley AL (AFSC)
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STOPPING POWER OF MeV PROTON

AND ANTIPROTON BEAMS

R. A. LEWIS

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
THE PENNSYLVANIA STATE UNIVERSITY

UNIVERSITY PARK, PA

Note: We regret that copies of the transparencies used in Dr Lewis' excellent
presentation were not available for inclusicit in the proceedings.
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RECENT SIMULATION

RESULTS OF ASTER

Robert Muratore

Department of Physics, Syracuse University

201 Physics Building, Syracuse, New York 13244-1130 USA

Abstract. ASTER, an imaging technique proposed several years ago, is now ready

to be built. ASTER uses antiprotons to form direct three dimensional images

of the target density profile. Useful images can be obtained with less than one

million antiprotons, well within current production levels. ASTER has potential

advantages over other imaging techniques, including flexibility, speed, lower dose,

and less ambiguity. Simulations show that the scattering of antiprotons by target

nuclei reduces the correlation of image and target, but increasing the number of

antiprotons used by less than an order of magnitude overcomes this effect.

WHEN COMPLICATED TECHNOLOGY is used in medicine, reassuring names are

attached to the machines and techniques. One speaks of CAT scans, PET, and

MRI (nee NMR). Today I will talk about an imaging technique which has been

discussed before at these meetings, ASTER, named after the wildflower. Since I am

limited to about ten minutes, I will keep my talk simple. Here is the outline:

I. ASTER is ripe.

It is my contention that this flower has formed its fruit, and that not only is this

fruit ripe for picking, but neither is it spoiled, as some have suggested.

A. ASTER uses antiprotons to image densities, and enough antiprotons are cur-

rently produced.

I will begin by reviewing ASTER." 2 ,' ,4 , ASTER is an acronym for Antipro-

tonic STERiography. In the ASTER imaging technique, still on the drawing board,
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a beam of antiprotons are sent into a target. Collisions with electrons slow the

antiprotons down, according to the well known stopping power

dE Z 1 [ 2mec2 p 2 _ P2-=Dp-- In ft
dx A/82 1(1-, 2 )

where E is the kinetic energy of the particle, x is the distance traversed, Z is the

proton number, A is the atomic mass, / is the speed relative to the speed of light,

D is a constant approximately equal to 0.30707 MeV cm 2/g, p is the density, me is

the electron mass, and I is an empirical function of Z which represents the average

ionization potential of all electrons in an atom.6

The important features are the inverse square relation of the stopping power

and the speed, which results in the Bragg peak, and the direct dependence on the

density.

ASTER (a third definition here) means star (as in *). When the antiprotons

have come to rest, they annihilate on a nucleon. Outward from the annihilation site

stream various particles. In a bubble chamber photo, this event looks like a star

(Fig. 1). Among the particles produced are charged pions. These are of sufficient

energy to exit a target the size of the human body, and of sufficient mass to be

deflected just a small amount before emerging. By detecting the directions of these

pions and tracing their paths back to the intersection point with the antiproton

path, the annihilation site can be determined precisely.

In this way, the range as a function of energy, R(E), can be determined for the

target, and R(E) can be mapped to p(R), a density profile.

Simulations of ASTER imaging confirm the estimates of the number of an-

tiprotons needed for a scan, N:

volume 0V p) 2
N~AxAyAz ×  Axp /p

where the antiprotons are assumed to be travelling initially in the x direction, Ax,

A , and Az are the step sizes with which the beam is incremented in the various

directions, ov is the error in determining the vertex, and 6p/p is the contrast

resolution. To image a slice of 10 x 10 x 0.5 cms requires 2 x 105 antiprotons, for 1%

contrast resolution and 1.5 mm spatial resolution within the slice. To image a whole

5



organ might require 20 slices, or 4 x 106 antiprotons, well within current production

levels. The corresponding dose is about 200 uGy = 0.02 rads. Considering the

biological effect of protons, the dose is about a tenth of the natural average annual

background in the United States.6

B. ASTER has advantages over other imaging techniques.

ASTER appears to be lower in dose for comparable images than x-ray CT,

as shown in a comparison of an ASTER simulation (Fig. 2) of the imaging of a

Plexiglas and water phantom and the actual x-ray CT image of the same phantom.

The phantom is an 8 cm diameter Plexiglas disk inside a 10 cm diameter Plexiglas

cylinder filled with water. In the 3 mm thick disk the letter E is engraved to a depth

of 1.5 mm. In the simulation, this cylinder was immersed in a rectangle filled with

water. An x-ray CT scan (Fig. 3) was made of the cylinder in the plane containing

the engraved disk. The dose imparted by the ASTER simulation was 100 yGy, over

two orders of magnitude less than that imparted by the CT scan, approximately

30 mGy.

The table in Fig. 4 gives an overview of ASTER with other techniques. No one

technique seems better than all the others for every situation. Similarly, ASTER

will be complementary to the other techniques. Nonetheless, ASTER has potential

for lower dose, higher resolution, faster scans, and imaging of elements as well as

density. Perhaps most importantly, ASTER avoids the uncertainties introduced by

?)ack-projection techniques. Finally, ASTER is a flexible technique, as the following

d .'scussion shows.

C. The scattering of antiprotons does not spoil the image quality.

There has been some question as to whether the scattering of the antiprotons

off the nuclei will irretrievably lower the resolution of ASTER. In water, the antipro-

ton beam spreads out with a width of oy = 0.0195R '966 . There is a well defined

centroid, so resolution can be maintained by increasing the number of antiprotons

used. In heterogeneous media, one can imagine that some of the antiproton paths

will sample regions of different density, hopelessly convoluting the relation of stop-

ping position to density profile. However, this is not the case, as I will show by

considering i.idividual antiproton paths in water, and by showing successful images

6



of highly heterogeous targets.

In terms of individual paths, it is reasonable that transverse scattering will

not ruin ASTER images. This is because the average density in a small region

is obtained from the difference in the mean stopping positions of two cohorts of

antiprotons with nearly the same energy. In engineering terms, one would say that

one is looking at the difference between two integrals, and integration suppresses

the noise.

Fig. 5 shows the paths of many antiprotons in water. The horizontal (longi-

tudinal) and vertical (transverse) scales are the same, and the three dimensional

paths have been projected onto the plane. Next, I considered only the antiprotons

stopping in a small transverse bin. If the initial energy of the antiprotons is varied

just a bit, the antiprotons still sample the same region in space. That is, a group of

paths stopping about R tends to sample the same portion of the target as a group

of paths stopping about R + AR. This is shown in Figs. 6, 7, 8, and 9. This is true

even though I have included the finite beam width in the Monte Carlo.

The sampling of the same region in space by the antiprotons is a statistical

phenomenon. Therefore, it suggests that the scattering problem can be overcome by

increasing the number of antiprotons, a method already required by the straggling.

To test this, I simulated the imaging of a "random" target, which was the most

heterogeneous thing I could think of. ASTER is a very flexible tool, and the imaging

can be oriented to best advantage. I imaged this random slice longitudinally, so that

each antiproton travelled in the slice. And I imaged the random slice transversally,

so that the antiprotons travelled through a centimeter of water before encountering

the slice perpendicular to the plane. The transverse orientation is shown in Fig. 10,

the random target in Fig. 11, and the transverse image in Fig. 12.

The heterogeneous nature of this target convolutes the longitudinal image more

than the transverse image. So for a given number of antiprotons, the transverse

image will be better.

The quality of the image can be shown by correlating the image and the target.

I define a correlation number C - 1, where

C2 = Y Z,(P1k - P2jk)2 /n,
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Plik and P23 k are the densities of the target and image at the jkth pixel, and n is

the number of pixels used for comparison. The correlation increases as the number

of antiprotons increases for both the transverse and longitudinal imaging (Fig. 13).

The correlations match when about four to nine times as many antiprotons are

used in the longitudinal case as in the transverse case. So increasing the number

of antiprotons by an order of magnitude will overcome severe heterogenous effects.

After this increase is made, ASTER still imparts an order of magnitude less dose

than x-ray CT.

If the decrease in correlation is due to the heterogeneous convolutions, than

the effect will begin to show up in the transverse case as the slice is lowered deeper

into the water, so that the antiproton beam is more spread out when it reaches the

slice. This is shown in Fig. 13 by the decrease in correlation between transverse

image and target as the depth increases.

References
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total # pbars stopping = 194811
total # pbars injected = 212973

file = E.dat.3
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percent error in density = 1.000
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Table: IMAGING TECHNIQUES

system CTa MRI ultrasounda PET ASTER

detected transmitted rf from acoustic -y-rays 7+

x-rays induced emf echoes (& x-rays)

imaged electron induced discontinuities tagged electron

density nuclear in speed of chemical density

magnetization sound concentration (& elements)

structure " density, elasticity biochemical

inference transform tran. or ver. transform transform vertex

source x-ray tube precession transducer decay

detector x-ray det. rf coil transducer -y-ray det. drift ch.

spatial

resolution 0.5 mm 2 mm 2 mm - mm < 0.5 mm

temporal

resolution 0.5 s 0.1 to 100 s 0.01 s 10 to 1000 s < 0.01 s

dose 0.03 Gy (nonionizing) (nonionizing) varies 0.0001 Gy

a Fullerton, Gary D., and Zagzebski, James A., eds. Medical Physics of CT &

Ultrasound. New York: American Institute of Physics, 1980.
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ASTERt.flx.11 1-NOV-1988 10:11:26.53

file = random2. dat. I

white, black densities (g/cm**3) = 1.050 0.950
horiz, vert. magnifications = 1.000 1.000
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ASTE~t.flx.l1 2-NOV-1988 13:20:56.24

f ile =astert. dat. 7

white, black densities (./cm**3) 1.050 0.950
horiz, vert. magnif. cations = 1.000 1.000
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Pbar TESTING OF HYDROGEN EFFECTS

IN SEALED CARBON-CARBON COMPOSITES

HARRIS CARTER

GENERAL DYNAMICS FORT WORTH
FORT WORTH, TX

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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THEORETICAL POTENTIAL OF ANTIPROTONS IN

RADIATION ONCOLOG Y

Mark H. Liebenhaut, M.D.

Department of Radiation Therapy
Lahey Clinic Medical Center

Boston MA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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Potential Radiation Damage

A) Direct Effects - Damage DNA Itself

B) Indirect Effects - Form Free Radicals
OH'
DNA'
DNA, + 02 ---->DNAOO.
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Dose Hypoxic
Oxygen Enhancement Ratio se in Oxygen

x-rays OER =2.5-3

I neutrons OER =1.6
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Dose
250

Relative Biological Effect 
= Dose

r

RBE varies with: 1) system or tumor studied
2) amount of damage in that

system
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FIG. 1S-8. Cross-section of the dose distribution that can be obtained in the treat-
ment of an imaginary carcinoma of the cervix, using a four-field technique with
"Co -y-rays, 11-MeV x-rays from a betatron, and 160-MeV protons from the Har-
vard cyclotron. (From Koehler AM, Preston WM: Radiology 104:191-195, 1972)
Source: Hall, pg. 313.
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Source: Hall, pg. 24.
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4

0 23d
f ,qmw Width cn

Source: Gray, L. and Kalogeropoulos, T.E., " Possible Biomedical Applications of
Antiproton Beams: Focused Radiation Transfer," Radiation Research,
1984: 97, 246-252.
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PROSPECTS FOR A COMMERCIAL

ANTIPROTON SOURCE

BRIAN VON HERZEN

ANTIMA TTER TECHNOLOGY CORPORA TION
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PROSPECTS FOR EXCITING EXTREME STATES

IN NUCLEAR MATTER WITH INTENSE

ANTIPROTON BEAMS

E. D. MINOR

DEPARTMENT OF PHYSICS
THE PENNSYLVANIA STATE UNIVERSITY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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STATUS OF ASTRONAUTICS LABORATORY

STUDIES RELATING TO CONDENSED

ANTIMATTER

GERALD NORDLEY

APPLIED RESEARCH IN ENERGY STORAGE OFFICE
ASTRONAUTICS LABORATORY (AFSC)

EDWARDS AFB, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
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ELECTROMAGNETIC TRAPS

FOR

ATOMIC HYDROGEN OR ANTIHYDROGEN

ISAAC F SIL VERA

DEPT. OF PHYSICS
HARVARD UNIVERSITY
CAMBRIDGE MA 02138

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
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ANTIHYDROGEN PRODUCTION

ARTHUR RICH

DEPARTMENT OF PHYSICS
UNIVERSITY OF MICHIGAN

ANN ARBOR, MI
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Anti-HydroQen: Formation and Applications

Presented by: Arthur Rich
Physics Dept.
University of Michigan
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Anti-HydroCUn: Formation and AppUcatlons

I - IntroductIon

nI - Methods of A Production

A- Overview

B - Specifc Methods

Ii. e + p - 1 + ht* (,jamae recirculating e* beam)

is e..++,k,w,,-.+(,%+1)h,, (n,1~,,2...)

,:-L PS + f-f/ + e-
a a+-e* +e* + -e

S- t-Appnca.tios

IV - Conclusions
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H APPLICATIONS

1. TCP Tests

Hyperfine Structure

Lamb Shift

Fine Structure

Electronic Structure (Rydberg) and mp (inertial), yp

2. Production of Polarized p

i. Transfer of Polarization from an Initially Polarized e+ Beam -

e+(T) + P - R - e+(T (T)

ii Optical pumping, Resonant Ionization, Lamb Shift Spin Filter -

e+p-.-H; H+nhv--.H(T)-.p(T)+e+(T)

3. Astrophysics

H+H--,[Ap+Ps; P+p+Ps; Pp+e + +e - ; P+p+e + +e -

H+H--..R+H

4. H- Gravity Interaction

mp (inertial)/mp (inertial) - [w(H - hfs)/w(H - his)]

mp gravitational -

5. Atomic Physics

H + Matter ---# P + e+ + Matter (stripping)

R + Matter --- ,# H + Matter (elastic and inelastic scattering)

6. H - Energy storage

101



UPRODUCTI ON

PnLUPoettres Castiore Method AP~licattons

AA ) + iR l

b) e4.PFaCw..4iA+(e+ )h

Deceleration c ~4A+.
4 Stochasticd)e P e f e

Coolingd)e P e A+-

(L? 1) Spectroscopy using
EnerqyDorrier-shifted lagers

ce~e Eletron Leve I Zerqy2) Polarized Ts

At 0.13) Lamb stsift

tweeerst" e't-; 4,"Vv ) ftyperfine structure

- 1 Lam& Slal f t

Nalometric b2) Ilypori ine structure
CooLing 3 e)K.

1000 K 100 K El-3) Precision spectroscopy

tees, &)Polarized P
[*cooraton ecele rat ion

an iD~n : Precision spectroscopy

op WW IIIin atow, traps

Iterit l 2) Cravitotionial Interaction

Trap i6W& 14'e (C)3) compact energy storah.
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/

F1 Production by Radiative Recombination - Projected Rates (I pass)

Assume equal area, non.relativistic, p and e beams. Then

( + + + kv) f n(e+) <aye+ - P)>. (N(p),l)

where: M(e ) = e*/cm3 in (e*, p) overlap region

____l__ (4 x 10") x (10-') CM3

A(L=vx 1 sec) 10- cm2x 101 0 cm
___I+- A ,A L,,

____..._.__ -_.,...,...,, d -/

L: V' ~I ~ ~Pr 6 /3

Co- = ) a7 -. )(.V) (,J/  , i"

< ,,r>~ =,, ~ (/x l-"6) x (3 x 101°) ~x - /

< Op> 6 x 10-'

OTr 0 .1e V

N(p) = number of p stond in LEAR ~ -O" (C1011 /0'0)

rL = fractio of p ring overlpped by e beam P 4m/80m = 0.05

I x (3 x 10-1") x (5 x o) ~ 10-1/9 ~ 30oI ( "0
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HProduction by Radiative Recombination

USing9 Rcruai= e

R5 +e 4.P-*a AeP

r1 C ' &4Jwt : > 4Z4L-tS

0-eVn.=A(L =1CPm) - 10-s x103  -4x1fCo

a+ accumulated, cole, pulsed and recitculated (10 m e

storage ring) _

*+ (mmaccu=mulatr

XEAB *- Sorage rn

++.ft) m(4x11Y) x(3x 10- 12) x(5x Ice) 1000/A
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fProduction by Radiative Recombination:

Radurculatig .aad Stimulated Recombination

je+/ ( xm 10l) x 10-~a(NP'~) 4x 104COW

rapA(L =102ciu) 10-8 x 102

AA

LEARI 0

-P Z+ 440- XAhjtt (&4ja/v'r C k/)

Ii ''2 (p0.1eV)

If ALabm w 1 aU(A I 364 Dm for j' 2)

Commercial 20 MW/cm3 4m lawe (250 Hs, 20 ns pulbe) G 10'

Fiamlly - .to,,ke e 4ra4i4' to. pa"c)

R~(e +p1-.R#) (4x 10)x (3x lO")X (Sx i)(G) .60000/
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Posigkun recirculator

a) Icraiar device

ch-Cu ferenc. 1.5 m, vacuum: 10 Torr
magnetic field 20"00G 68, a+' energyj: 26-lOS keV

b) [inear deicel

: ( solenoids -

remodrator

1 08



A

SAPPLICATIONS

1. TCP Tests

Hyperfine Structure / eL 4/, f-/790,3

Lamb Shift C .

Fine Structure

Electronic Structure (Rydberg) and rnp (inertial), Mp

2. Production of Polarized p

i. Transfer of Polarization from an Initially Polarized e+ Beam -

e+(T) + P - H - e+(T) + P(T)

ii Optical pumping, Resonant Ionization, Lamb Shift Spin Filter -
e+ + P-R 3; + nhv ,-* (T) "*15(T) +e+(T)

3. Astrophysics

R+H--*(pp+Ps; p+p+Ps; pp+e + + e-: P+p+e + +e - ]

!H+H-1i+H

4. I - Gravity Interaction

mrp (inertial)/mp (inertial) - [w(H - hfs)/4,(H - hf s)]

rnp gravitational -

5. Atomic Physics

R" + Matter - p + e+ + Matter (stripping)

IT + Matter - T + Matter (elastic and inelastic scattering)

6. H"- Energy storage
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Polarized I - Projected Rates

Rs(e+ + )(4 x 10 ) x (3 x 10 -1 2) x (5 x 10")G~ 60 G/s

5 x10 9 ) ~ 6000 G/s

Polarization

1) If no attempt is made to maximize P(e+), P(e+ ) - 0.15

2) To increase P(e+ ) use Be absorber to reduce low energy e+ from

beta spectrum (recall PL. = (v)/c)

3) Maximize P2I =* P(e+ ) = 0.5 but ns = 1.5 x 10 (Z0061,)

Result

Rs(R) Rs(p) -- (2 x 107 - 2 x 10w) G/day at P(p) _ P(e+ ) = 0.25
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Polrized p - Projected Rates and Uses

p+p

.+ + P

S+ P 
+-

K + +K-

A+n

AM I__- _ OrT(TPT,) -OT(Tp,) - T(T1#J) + OT(4,)]1PfipO'T t¢Tl,) + UT( 4bT,) + GT(IT1,) + OT(Jtftp)

where P13 and Pp are the longitudinal polarizations of the antiproton beam
and proton target, respectively, and the UT are the measured total cros
sections with the sense of polarizations indicated by the arrows. A similar
asymmetry A1 could be measured for the p and 3 polarized transversely to
the incident P direction. Each asymmetry could be measured to a precism

1
6(A) = V W.,n,, PJ3Pp

where Ne." is the total number of t interacting in the target. If the
target thikneu s dcosen so that 20% of the incident p interact in the

, (a su et small fraction to avoid degradation of the asymmetry
by multiple scattwg events) and given Pf = 0.25 and Pp ~ 0.12, (Pp is a
typical value for the effective proton poarization in a hydrocarbon target
with 70% hydroge proton polarization) then in one day of running one can
attain

R(A) = L= 0.01
V.2 x 3 x OT 0.25 x 0.12

* A,,(112 . (fL, ..- ,vfc) 11



CONCLUIONS

I- rHICmRY,)

1932-72 PREROIC IOD

1972- 5 R(siow e+) (10 - 10')/sc

n(e€/lm') ~

1985 R,-- 105 s

a -. 106/ca

- IFUTURE

INCREASEINR, n as

1) IMPROVED QUANTUM ELCMRODYNAMICS AND SYM3M Y TESTS.

2) e+ PLASMA.

3) C, IMAGING.

4j ANTI-HYDROGE.

5) BOSE.EDISTEDN CDNDENSA71ON OF POSRMONIM.
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HEADQUARTERS DOE ANTIPROTON ACTIVITIES

DAVE GOODWIN

OFFICE OF HIGH ENERGY AND NUCLEAR PHYSICS
U.S. DOE ER-20.1/GTN

WASHINGTON, DC 20545

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989

114



I-I LLLI LOl

0 m IC- 0L#
CO >.. CLfCw=

I - 0*
00 C) LIn i

I- >-I-- 0i

1-I LUJ ::R
Z 0 LU LU t C) I

~ngn

0D LUI coL

=- 1-LU

0LL 0 =%

=D CC~= PL%

LL. ar. C
0 LU~f

LL.

CDn0 L

115



LUI

L.

U-U

LUi

o= LU..CL
LUO

L
LU LUI

00

Li

LDUL

oa G

LUI

C)m

LL-

LU.

116



LLI J

0 0 0A

I-. L0 U
(~9) Li- D 9i

LU 2CI I-- LUJ
0L CDC-,CacL

j- 0z 0000-.jl j c C)~ 00> 00%La
0) 0D C~,I- Lf 0D:o.>

C.) cl *v ) f

CAI(/ 0) as /) 0
=U 0L 0 44 L V -

0c 1""i -r% I-I
(3 L LJC ~1:.
U-I (A 16i~0 Wunm LL

C.) I-ZV Z C)LU

C~j C-10.= L U-Co~c LL-IS-
ui 00 LU ig 0~ c LLU4 Wcz j *% <

1-f ~ U 0q LUj Ch-6 C

117



cm a-

L W amIO.I

hd CA C~~1
o LIJu -- %toD LI) ow, )

CD I-~w 0LCjV

z C.)
cf L) LC) . _O

LI) 0 >- =W =D

Z 0 IJ le.
LL LII LICD 4

zI. I.D i) -j WL V)') C

C.) cc WI-Og0 (
ft MC L I~

0 I)LLL.J C0A z

LflI (A CD

== =0'

CD I-- cl %C C 001-1-Go u-I ac~ .= < )

LI

118



LJ

(A 0

Ln

2I--

L CDI

I

~co

v-II V-1
I-I LI

I-A " =
CD96 - I--W

mC)~

U') CL.J- 40C 04Lia

39J z =lL

CL LiJ
OrtC)V-4 trV-4 %cm J L Woa z
v-IP4 IoLtn coI =

ft Rr .LI I) 0D

119



age.
LL. -

LL. LicaII

CD am CD
cm CD

I-I 0DLI > L

-L Li- CD =i _ u-
0A co " -- c

Ln ImCA ( CD

LU.0 LU c
LiD U. rnu CD

I.LI (A I
CDU >. I-D =D3 I-I

0 00

CD w (A >- m
w OW CO IO CD

I In
ULio

*%% c120



u-i

'CJ

W u

o 00%

4Ln u-Z Ck cm

o m J L
3-i : D mm

40~ =kC
u-I) 0 (.) 0

Lfl 6

I-- CD1- C

2c 9% 0)I-

i 09 (A w > D C
tfl cc) IJ uu U

-e

121



CL-

Omz I--

he t

o ~Ja
coZ

ama

w CD)

(AI amam tiC-w 0i
Cm.(A

Nem C
ui -. AC) CDJ

I- i-CL
a12



LIJJ

C39m

r. =DLL

P 0 L L . =L

CM LAJ LUJ LLU LU LUJ
LUI C.) c o t

Ij c -4 LUJ

00. 00 (m~AJ

Li.I~ CmD 0CIO m) L
uLmu La.. I- i he Cm

3 cI L. .in L
Umm. LL. LJL

cc ~ ~ ~ C U. 0 jC L.LIi

LU LJ I-D
Cmi I-- Lu

=U' 0& LU-I

CL.Lu CDJ L ~ L UU- '

OLmLU cz mJJ Mm WL
. (A) 00 cr LJ(

0D U. UZ 0D CA4c c)

U.0I-- CD La. =I
>-s 00

*0 j>- 3 r-* i j1
>- he jco he

muD LauDwt %%= ~LL
%hLU I- 00 W-1 U

LUIm%, %.3 L
LUI CD- 0) 0 N LauD

co z 7-4 CD0

123



t-i I-I

00 >- oc1
LUJ LUIc ~

'-4 LL T4-Ic

LULIU)-- c. -J J z

CAtU u -C16 LL. OLU0
co ui C*4 c

3c3mI -
LU .caJ 0*

LUJ LL m J I

heLUI LU ~LUI-- LUJ c
LLU L LUJ -4 Lu >

LJ YiI1

CD I %% I V

heJ '-4 -,

L61~~L Ui 00U L )h ic

0L z-IL. 0"%C 0 V L
CA 3m-LI :3-

V) m-J = CO LJ"C

LA Q- PLU I--~
ca 0 LI0 mc LAJ L

LL LUL I- -c

P-1 P- -O C)
cm~ LU Z h L 00

ottA he40 hdl .LJ t

cc V) LLI 36 L124A



wi wL

(A j AL

a-i

C.) D

CD-

o- CD I-

0 c0

0D 01iu
0 ( (
(A '-I

125



-JJ 0 P

LU ~ flU

oA I--

(A (Aa.C
a 0 --

I- wU O)
L"Ua U

LU~C CD U -

00. I- (AJ ZL
>- L" co

126I-



ILJ

000

mJJ 0LC

o w 0D
(ma.

I-J 'Ju Li

Li D CD
CD C.

3-D CD

0j 3-D cm UD CDw m

Iuu

m~a I-I9 C

%- I% V)> c -

o0 0c0
(A ILu. C.~ U)I- LJ
U) IJI Loi I-

Po.) j LJ i
o 0 0 0.) 127



Elj

i-iLJ Ill

z d<IL

CD-L - 1

COI CLd< I-

1/) 0

(.D ImU-

j- I- 0- 'mu

0LL LI > I
(AI IX LC2 amC

CD) Lii L

L (A) 04 cmL

CL 0. 0Dl C
0A 3c 0

Lfl128



IL L L

oim LU J i-uI foL C.)

ca a.
fLo Li. am

IL 0

I-i 0o 001-L

%*-f i-I cfl
I- u am

i-I LU.1-

o4% a. L.

E- m -uu

CD 1-4 cm:0
u :00 o CD00

0L Li. C
LU 0129



ii2 I.-II

@5W CD

LUI-I

zCD

2c) LL0 C CD

*- V) C C

V) 04V)

Z~mZ

=L CL.O LLI

o> >LU L

m Ji COL

LUU

.Cinco
he iw
LLI 9

LLI C130



w,% CD

am Li i C
U - ot 1

CD D ( C *a WL
LL.b@ 0LL. .

CA mi Rmr
ui 9- P-4LLI iV-4

oa CD

LL 14 LI LJ LI imI
L.U. :00 JLW>- .hl)

LLJ ~~~3 (^ L.OmLL

am6 MC UJi co -IJV
LL.. 0 0)I

u L I- CD~

wi z L wi L

wamcowi amon
CD) I-- W C

Wz 0I.

co I W w

to 9 : 0 .La C-uAmj1) 0
CD L&W

131



0

06 w
4L& :CLa c W

cc%.-Ln C

W0LL

mm wl (A2

CZ CA O

"-I L~ (LL 0

C,>.OLI cc

cmii LL~ c.cm

_ aU

La
CL m zL

ow I132



ovI

I -

zc

0'I-

o z

t133

I0
!0

I-



00

0

1-4

CD CA CD
aca

cm

0r 0
4 0. 0 I".

TA t

-LI Laia

C) 3-4
I-- CDC 0J

wm Q. C

cz~ a cr C
CL CL 1- -

4cz
3-'
I-0 C
CL V4 onmk 00 0

ot -4 cm mY U')
C.) V w 10 w w N

134



w0
z

I-J
z

migm

ama

C.)
z m

00 00 0
0* 0 M.

135



ANTIPROTON CATALYZED FUSION

T. E. KALOGEROPOLOUS

DEPARTMENT OF PHYSICS
SYRACUSE UNIVERSITY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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ANTIPROTON INDUCED FUSION REACTION

W. S. TOOTHACKER

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
THE PENNSYLVANIA STATE UNIVERSITY

UNIVERSITY PARK, PA

Note: We regret that copies of the transparencies used in Dr Toothacker's
ex..ellent p.,,sentation were not available for inclusion in the proceedings.

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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OPTIONS FOR A LABORA TORY

MICROFUSION FACILITY (LMF)

BRUNO AUGENSTEIN

THE RAND CORPORA TION
SANTA MONICA, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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MODELING ANTIPROTON - PLASMA

INTERACTIONS

(ANTIMA TER THRUSTER MODELING)

JOHN L. CALLAS

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY

PASADENA, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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CONCEPTS FOR THE EXPERIMENTAL

DETERMINATION OF RADIATiON SHIELDING

AND METAL CLAD PELLET PERFORMANCE

BRICE CASSENTI

UNITED TECHNOLOGIES RESEARCH CENTER
HARTFORD, CT

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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STUDIES OF CP VIOLATION WITH
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SEARCH FOR CP VIOLA TION IN

Pbar P-> J/ ->A O AObar

G. A. SMITH

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
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UNIVERSITY PARK, PA
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RARE MODES OF NUCLEON-ANTINUCLEON

ANNIHILATION

CARL B. DOVER

DEPARTMENT OF PHYSICS
BROOKHA VEN NA 77ONAL LA BORA TORY

UPTON, NY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY

10 MAY 1989
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ANTIPROTON PRODUCTION CALCULATION
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Table 4.1 The Particle Yield For Proton-Proton Collision (%)

Number of Hits: 15000 15000
Lab Energy of Projectile (GeV.) 200 1000

p 4.53 (5.4)* 11.5 (16.2)*

n 4.39 11.2

p 128.7 132.3

n 62.3 67.7

7- 262.4 399.2

7r+ 325.1 461.7

735.8 1052.5

k- 15.1 28.4

k+ 24.4 41.4

E+ 4.39 6.08

0.37 1.36

A- 2.0 6.3

A- 14.1 22.3

e- 4.4 $.0

e+ 4.4 6.0

* ( ) is calculated by Hojovat and Van Ginneken's empirical
formula.
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Table 4.2 The Particle Yield For Proton-Pb Collision (%)

Number of Hits: 5822 5773
Lab Energy of Proton (GeV.) 200 1000

p 7.07(9.0)* 21.38 (29.0)*

n 6.93 22.37

p 213.59 227.94

n 218.83 226.64

7- 751.96 1154.70

765.16 1168.16

1998.35 2921.7

X- 27.75 65.70

x+ 49.51 89.51

E+ 28.37 45.27

f- 3.48 9.41

E- 6.10 9.41

1+ 0.66 2.66

A- 0.64 3.02

A+ 5.54 9.39

e- 11.33 16.45

e+ 11.33 16.45

* ( ) is calculated by Hojovat & Van Ginneken's empirical formula.
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Table 4.3 The Particle Yield For Si-Si (%)

Number of Hits: 9831 9858
Lab Energy of Projectile (GeV./A) 200 1000

""26.88 (82.5)* 79.86 (260.5)*

n 27.41 (81.7) 79.20 (258.4)

p 680.24 710.38 (2238.7)

n 684.46 706.08 (2229.6)

r- 2931.60 4353.5 (15226.2)

1+ Z%35.06 4358.07 (15200.8)

* ( )s are at central collision (b=0)
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Table 4.4 The Particle Yield For 0-Pb Collision (t)

Number of Hits: 7000 876
Lab Emeg of Projectile (GeV./A) 200 1000

p40.04 (78.6)* 124.77

n37.84 (77.8) 122.14

p 153.5 (316.3) 1181.73

n 1235.35 (348.1) 1234.24

W-5298.5 (15216.2) 7899.2

5421.3 (14835.1) 7756.39

I s are at cent~rmL cI.Ilisic= (b=)..
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